Abstract Protein hydrolysates from white shrimp (Litopenaeus vannamei) with different degrees of hydrolysis (DH-10 and 20%) were prepared using the enzymes Alcalase 2.4 L and Protamex. The hydrolysates were evaluated for amino acid composition, solubility, foaming properties, emulsifying and antioxidant activity. All the hydrolysates showed high concentrations of Glutamic Acid, Aspartic acid, Arginine, Glycine, Lysine, Proline. It was found that the increase in the production of negatively charged amino acids was related to increase in DH. The hydrophobic amino acids were higher for hydrolysates obtained with Alcalase (10% DH) and Protamex (20% DH). The results indicated that higher degree of hydrolysis showed positive relation with the protein solubility of the hydrolysates, while negatively influenced foam and emulsification properties. The antioxidant properties presented by the white shrimp protein hydrolysates were influenced by the composition and peptides size. Hydrolysates with higher peptide chain showed the highest antioxidant power for the 2,2-Diphenyl-1-picrylhydrazyl radical scavenging and reducing power, while hydrolysates with lower peptide chain showed higher antioxidant power for 2,2 0 -azinobis (3-ethylbenzothiazoline sulfonic acid) radical scavenging. All hydrolysates showed dose-dependent antioxidant activities. Therefore, the results of the present study suggest that white shrimp is a potential source of protein hydrolysates as bioactive ingredients for the use in the formulation of functional foods as well as natural antioxidants in lipid food systems.
Introduction
Aquaculture has been highlighted as a sustainable alternative capable of supplying 50% of the global needs of fish and seafood, given that the demands for marine proteins surpass the sustainable yield of the oceans (FAO 2014) . Among the aquaculture practices, white shrimp (Litopenaeus vannamei) is the most cultivated species. The cultivation of the species has intensified through the use of systems without water changes, known as biofloc system. This system contains microbial flakes, and results in improved water quality since it reduces nitrogen concentration and converts ammonia to cellular proteins, as well as serving as an additional source of nutrition for the cultivated species (Souza et al. 2016 ).
White shrimp is one of the most popular and low calorie crustaceans, with a high content of iron, calcium, vitamins and minerals (Gunasekaran et al. 2015) . When cultivated by system, it presents a differentiated composition, in protein contents (Martini et al. 2015) . Several researchers have focused their efforts on the use of white shrimp protein byproducts to obtain protein hydrolysates (Cheung and Li-Chan 2014; Dey and Dora 2014; Gunasekaran et al. 2015) .
Protein hydrolysates have a variety of applications, whether in the food or pharmaceutical industry (Villamil et al. 2017) . Protein hydrolysis consists of the cleavage of protein molecules into peptide units of different sizes. The breakdown of the protein structure enables the modification or improvement of functional properties (Liu et al. 2014) . In addition to the functionalities, the hydrolysates obtained through the enzymatic hydrolysis process of proteins of marine origin are highlighted as important natural antioxidants (Alemán et al. 2011; Ngo et al. 2014; Shavandi et al. 2017) . Studies indicate that the degree of hydrolysis influences the functionality and antioxidant activity of the hydrolysates (Klompong et al. 2007; Liu et al. 2014; Villamil et al. 2017) . In this sense, the objective of the present study was to produce protein hydrolysates from white shrimp and study their functionality and antioxidant activities.
Materials and methods

Materials
The raw material, Litopenaeus vannamei, was supplied by the Marine Aquaculture Station of the Federal University of Rio Grande, Rio Grande, Rio Grande do Sul, Brazil. The white shrimp was obtained from the culture tanks and then transported to the Fish Processing Plant of the Federal University of Rio Grande, in sealed boxes, submerged in flake ice. The processing began with the hygienization of the species in chlorinated water (5 ppm), followed by the process of removal of the cephalothorax and carapaces. The minced shrimp was then stored in polyethylene bags at -18°C. The enzymes Alcalase and Protamex were produced by Novozymes Latina Americana Ltda. ABTS (2,2 0 -azinobis (3-ethylbenzothiazoline sulfonic acid) and DPPH (2,2-Diphenyl-1-picrylhydrazyl) were purchased from Sigma Chemical Co. The other reagents used were analytical grade.
Obtaining white shrimp protein hydrolysates
Protein hydrolysates were obtained from white shrimp muscle proteins, which were homogenized in distilled water in the ratio 1:2 (w:v), and the mixture was heated at 90°C for 20 min. The hydrolysis reaction was performed in a double-walled glass reactor, connected to a thermostated bath. The pH and temperature of the reaction were maintained according to optimum conditions of each enzyme, Alcalase (pH 8.0, 50°C) and Protamex (pH 7.0, 50°C). The pH of the hydrolysis reaction was kept constant with NaOH (1 N). The reaction started with the addition of the enzymes separately at a ratio of 1% to muscle mass and was stopped when it reached a degree of hydrolysis of 10 and 20%. After the reaction, the enzyme was inactivated by heating at 90°C for 20 min in a thermostated bath, followed by cooling at room temperature. The samples were centrifuged at 14,000 g for 20 min at 4°C to separate non-hydrolyzed feedstock. The supernatant was lyophilized and stored at -80°C for further analysis (Alemán et al. 2011; Liu et al. 2014; Ngo et al. 2014 ).
Degree of hydrolysis
The degree of hydrolysis (GH) was used to monitor the hydrolysis reaction, as the number of hydrolyzed peptide bonds in relation to the total number of peptide bonds of the protein, using the pH-sat method (Adler-Nissen 1986). The GH was determined as follows:
where B is the volume of the base consumed during the hydrolysis to maintain the pH constant (mL); N B is the normality of the base (mol L -1 ); a is the degree of dissociation; h tot is the number of peptide bonds (mols equiv/kg) which for fish is 8.6 mol equiv/kg; MP is protein mass (g). The degree of dissociation a was calculated as follows:
where pH is the pH during hydrolysis and pK is the dissociation constant. The values of pK depend on the temperature of the reaction (K) and were calculated as follows:
Amino acid composition
The total amino acid composition of shrimp protein hydrolysate was measured by method described by White et al. (1986) .
Functional properties
Protein solubility
The protein solubility of the protein hydrolysates with different DHs was determined at pH 2.0; 4.0, 7.0 and 10, according to the methodology proposed by Liu et al. (2014) , with adaptations. Briefly, 800 mg of sample was dissolved in 80 mL of distilled water and the pH was adjusted using HCl and NaOH. The solution was stirred for 1 h at room temperature (25 ± 1)°C and then centrifuged at 4000 rpm for 10 min. After the centrifugation process, a filtration procedure was followed to separate the soluble fraction. The solubilized protein content was determined according to the method of Lowry et al. (1951) .
Foam properties
The Foaming Capacity and foam stability properties of the hydrolysates were determined according to Sathe and Salunkhe (1981) , with modifications. A mass of 2 g of the hydrolysate was dispersed in 200 mL of distilled water. The solution was adjusted to different pHs (2.0, 4.0, 7.0 and 10.0), and then homogenized in an UltraTurrax shaker at 10,000 rpm for 1 min under (25 ± 1)°C room temperature. The dispersions formed were transferred to a graduated 250 mL beaker. The foaming capacity was calculated as the % volume increase after stirring over the initial volume. The stability of the formed foam was obtained by standing (20 min) of the dispersion at room temperature at 25°C and calculated as follows:
where A is the volume after shaking (mL) and B is the volume before shaking (mL).
Emulsifying properties
The emulsifying properties of protein hydrolysates with different DHs, emulsifying activity index (EAI, m 2 g -1 ) and emulsion stability index (ESI, min) were determined according to the turdibimetric method (Pearce and Kinsella 1978) . A volume of 120 mL, at a concentration of 2 mg mL -1 , was homogenized with 40 mL of soybean oil, on ultra-turrax shaker at 10,000 rpm for 1 min at room temperature (25 ± 1)°C. After stirring, the pH of the solution was adjusted to pH 2.0; 4.0, 7.0 and 10 with the aid of HCl (2 M) and NaOH (2 M). An aliquot of 50 lL of solution was diluted in 5 mL of 0.1% (w/v) sodium dodecyl sulfate (SDS). The absorbance of the diluted emulsion was measured at 500 nm at reaction times of 0 and 10 min. The emulsifying activity index (EAI, m 2 g -1 ) and emulsion stability index (ESI, min) were determined as follows:
where A is absorbance at 500 nm and c is the protein concentration (g mL -1 ), c is the protein concentration (g mL -1 ), A 0 and A 10 are the absorbance of the emulsions diluted at 0 and 10 min.
Antioxidants properties
DPPH radical scavenging activity
The DPPH radical scavenging activity by the hydrolysates with different DHs was evaluated by the method of Shimada et al. (1992) and Centenaro et al. (2011) , with modifications. Samples of 500 lL of hydrolysates with different concentrations (2.5, 5.0 and 7.5 mg mL -1 ) were added to 500 lL of 0.1 mmol L -1 DPPH in 95% ethanol. The mixture was homogenized in vortex, and kept standing in the absence of light for 30 min. After standing, the absorbance of the solution was measured at 517 nm. The sequestration capacity of the DPPH free radical was calculated as follows:
where A control is the absorbance without sample and A sample is the absorbance with sample.
Reducing power
The reducing power of the protein hydrolysates was evaluated according to the method described by Zhang et al. (2008) . A 250 lL volume of the hydrolysate (2.5, 5.0 and 7.5 mg mL -1 ) was mixed with 250 lL of 0.02 mol L -1 phosphate buffer (pH 6.6) and 2 mL of 1% potassium ferricyanide (w/v). The mixture was incubated at 50°C for 20 min, and 2 mL of 10% trichloroacetic acid was added, followed by 2 s vortexing. A 500 lL aliquot was withdrawn and added with 400 lL of distilled water and 100 lL of 0.1% ferric chloride. After 10 min of reaction, the absorbance of the resulting solution was measured at 700 nm in a spectrophotometer, and an increase in the absorbance of the solution indicates that there was an increase in the reducing power.
Capture of the ABTS ?
The ability to capture the ABTS cationic radical by hydrolysates was measured according to the method described by Chi et al. (2015) . The solution containing the cationic radical was prepared from the stock solution of 7 mM ABTS with 2.45 mM potassium persulfate (5 mL:88 lL), kept standing in the absence of light, for 16 h at room temperature. The ABTS ? solution was diluted with ethanol until it reached a measured absorbance of 0.700 ± 0.05 at 734 nm. 600 lL of ABTS ? solution was mixed with 200 ll of sample at different concentrations (2.5, 5.0 and 7.5 mg mL -1 ). After 10 min of standing, the absorbance was measured at 734 nm. The capture of the ABTS ? was calculated as follows:
Statistical analysis
Data processing was be performed according to Statistica software for Windows 7.0, in the analysis of variance (ANOVA) and Tukey means comparison test at the 5% level of significance (p \ 0.05).
Results and discussion
Amino acid composition
The protein hydrolysis process allows the cleavage of the proteins in amino acids and peptides with low molecular weight that have a high quality of amino acids and can be used as nutraceutical or functional foods (Chalamaiah et al. 2012) . The amino acid compositions of the protein hydrolysates obtained in the study are presented in Table 1 . In general, glutamic acid was the most abundant amino acid for all samples, making shrimp hydrolysates a great additive for use in food composition as flavor enhancers (Witono et al. 2016 ).
The results suggested that a lower degree of hydrolysis provides a higher concentration of HAA and PCAA amino acids. The hydrolysates were characterized by high levels of hydrophobic amino acids (HAA) in addition to aspartic acid and glutamic acid (NCAA). These amino acids can act as proton donors or electron lipid radicals scavenger factors that determine antioxidant activity of protein hydrolysates (Jain and Anal 2017) . Additionally, the presence of all essential amino acids (EAA) in the hydrolysates with the maximum percentage of 35.47% (A20) indicates their good nutritional quality, as well as their antioxidant bioactivity.
All samples showed high concentrations of glutamic acid, aspartic acid, arginine, glycine, lysine, proline. The results found for the major amino acids diverge from the results of Simpson et al. (1998) who reported that the most abundant amino acids in shrimp muscle hydrolysates were glycine, proline, arginine and valine. This was in agreement with the observations by Chalamaiah et al. (2012) who reported that many hydrolysates derived from marine proteins have been reported to exhibit variations in their composition of amino acids, which depend not only on the raw material but also on the enzyme type and hydrolysis conditions. Figure 1 shows the protein solubility (%) of the shrimp protein hydrolysates obtained from Alcalase 2.4 L and Protamex with DH 10 and 20%. Minimum solubility values were presented at pH 4.0 and maximum values at pH 2. The change in solubility can be attributed to the net load of the amino acid residues after the hydrolysis process, which increases as the pH moves away from the isoelectric point, promoting the aggregation of hydrophobic interactions (Taheri et al. 2013 ).
Functional properties of hydrolysates
Solubility
The protein hydrolysate obtained from the enzyme Protamex, with DH of 20% presented higher protein solubility in comparison with the other hydrolysates. A positive relationship was observed between the degree of hydrolysis and the solubility of the hydrolysate, indicating that the degradation of the proteins in smaller peptides results in a marked increase in solubility due to the reduction of the molecular weight of the structure, the unfolding of the peptide chains, and release of soluble aggregates (Liu et al. 2014 , Ghribi et al. 2015 . The low solubility of the hydrolysates with lower degree of hydrolysis may be attributed to the structure of the rigid macromolecule with subunits bound by several intermolecular and intramolecular disulfide bonds and hydrophobic interactions (Paraman et al. 2007) . Table 2 shows foam capacity and foam stability of the hydrolysates produced with Alcalase 2.4 L and Protamex with DH 10 and 20%. The results show an increase in foam capacity of hydrolysates of 10% DH, indicating that high molecular weight peptides are more susceptible to foaming, since they have the ability to form a cohesive interfacial film capable of enveloping and retaining air (Villamil et al. 2017) . Our results showed a similar tendency with the results of Salem et al. (2017) where the foam properties of octopus (Octopus vulgaris) protein hydrolysate increased with the increase in DH.
Foam properties
The 10% DH hydrolysates obtained by Protamex demonstrated higher foam capacity (%) than the 10% DH hydrolysates obtained with Alcalase, indicating that the enzyme breaking specificity releases amino acid residues with better foaming properties. For FS, the lowest values were found at pH 4.0. According to Liu et al. (2014) minimum values at pH 4 are due to proximity to the isoelectric point of the proteins involved. Table 2 shows the emulsifying properties of the hydrolysates for emulsifying activity index (EAI, m 2 g -1 ) and emulsion stability index (ESI, min).
Emulsifying properties
For both hydrolysates, the highest values of emulsification were observed at pH 10. According to Taheri et al. (2013) , alkaline pH promotes enhanced emulsifying properties due to the unfolding of the polypeptides because of the negative charges in this pH range. The repulsion resulting from this change allows greater orientation at the interface providing the exposure of hydrophilic and hydrophobic peptide residues which promote important interactions in the emulsion properties.
The hydrolysate with 10% DH from the Alcalase enzyme presented higher emulsion formation capacity. Witono et al. (2016) suggests an inverse relationship between the extent of the hydrolysis and the emulsifying properties.
Similar trend was observed in the studies of collagen hydrolysates from Spanish mackerel and eel protein hydrolysate, where the researchers presented a negative correlation between size of the peptide and emulsion formation (Chi et al. 2014; Baharuddin et al. 2016) .
The pH affects emulsifying properties by altering the hydrophobicity of the protein surface and the protective layer surrounding the lipid globules (Taheri et al. 2013) . Minimum values of emulsifying capacity were observed at pH 4.0, probably because this pH is close to the isoelectric point of fish proteins, where some molecules would be precipitated or with reduced loads, resulting in a reduction of their emulsifying properties. Figure 2 shows the results of the DPPH radical scavenging activity by the protein hydrolysates of white shrimp. The results indicate that all the samples presented antioxidant activity against radical sequestration, indicating the protein hydrolysates of shrimp as electron donors, capable of stabilizing the DPPH free radical (Chi et al. 2015; Salem et al. 2017 ). The results showed that an increase in the concentration of the samples provides a higher antioxidant activity, corroborating the results found by Zhang et al. (2008) and Jemil et al. (2014) . Among the different hydrolysates, the samples with lower DH presented a greater sequestration capacity of the DPPH radical in all the tested concentrations, when compared with the samples of greater DH. This behavior is associated with peptide length and composition of protein hydrolysates (Jemil et al. 2014 ). According to Shavandi et al. (2017) , the capturing ability of the DPPH radical depends on the enzyme used in the hydrolysis process and the protein concentration tested. Figure 3 shows the reducing power of shrimp protein hydrolysates produced with Alcalase 2.4 L and Protamex with DH 10 and 20%. The reducing power of a compound can be used to measure its antioxidant potential and has been studied in different researches (Zhang et al. 2008; Oliveira et al. 2014) .
Antioxidant properties of hydrolysates
DPPH radical scavenging activity
Reducing power
The higher the absorbance value the greater the reducing power of the samples. The presence of reducing compounds leads to the reduction of the Fe 3? /ferricyanide complex in the ferrous form (Fe 2? ) through the electron donation, with the concentration of Fe 2? being monitored at 700 nm (Jemil et al. 2014) . The 10% DH hydrolysates obtained with the Alcalase enzyme were the ones with the highest reducing power. According Piotrowicz and Mellado (2015) the enzyme type influences the reducing power of the hydrolysates, because for the same degree of hydrolysis it was verified a significant difference. The hydrolysates with the lowest degree of hydrolysis showed a higher reduction power when compared to hydrolysates with a higher degree of hydrolysis, indicating that the reducing power of the hydrolysates is associated to the degree of extension of the hydrolysis (Klompong et al. 2007) .
ABTS
•? scavenging activity (%)
The method of the ABTS radical capture is a method used to measure the antioxidant activity of hydrophilic and lipophilic compounds (Centenaro et al. 2014) . Figure 4 shows the ability to capture the ABTS free radical of the protein hydrolysates with different DH. The results showed that a higher degree of hydrolysis (20%) provided a higher capture effect of the ABTS radical for samples, diverging from the results found for the analyses of reducing power and the sequestration capacity of the DPPH radical. According to Alemán et al. (2011) , the capacity of a radical exerted by hydrolysates is not only related to the size of the chain, but also to the specificity of breaking of the enzyme used in the hydrolysis process. In several studies involving protein hydrolysates and their antioxidant activity, some researchers reported that the free radical capture capacity improved as the degree of protein hydrolysis increased (Thiansilakul et al. 2007 ), while some researchers reported the opposite (Klompong et al. 2007 ).
Conclusion
The study investigated the functional and antioxidant properties of minced white shrimp protein hydrolysates from Alcalase and Protamex enzymes for 10 and 20% DH. The functional and bioactive properties of the protein hydrolysates were influenced by the extent of the hydrolysis. White shrimp protein hydrolysates appear as compounds with good functional and antioxidant properties, and can be added in food products aiming at increasing the functionalities and extending their useful life due to the considerable antioxidant power presented by the hydrolysates. 
